Abstract Tissue stem cells have been proposed to segregate the chromosomes asymmetrically (in a nonrandom manner), thereby retaining preferentially the older "immortal" DNA strands bearing the stemness characteristics into one daughter cell, whereas the newly synthesized strands are segregated to the other daughter cell that will commit to differentiation. Moreover, this non-random segregation would protect the stem cell genome from accumulating multiple mutations during repeated DNA replication. This long-standing hypothesis remains an active subject of study due to conflicting results for some systems and lack of consistency among different tissue stem cell populations. In this review, we will focus on work done in the hair follicle, which is one of the best-understood vertebrate tissue stem cell system to date. In cell culture analysis of paired cultured keratinocytes derived from hair follicle, stem cells suggested a non-random segregation of chromosome with respect to the older DNA strand. In vivo, the hair follicle stem cells appear to self-renew and differentiate at different phases of their homeostatic cycle. The fate decisions occur in quiescence when some stem cells migrate out of their niche and commit to differentiation without self-renewal. The stem cells left behind in the niche selfrenew symmetrically and randomly segregate the chromosomes at each division, making more stem cells. This model seems to apply to at least a few other vertebrate tissue stem cells in vivo.
Introduction
Adult stem cells self-renew and differentiate throughout the life of an animal in order to maintain adult tissue homeostasis. At least some tissue stem cells, such as those of hair follicle and blood, divide infrequently, presumably to protect their genome from accumulating multiple mutations during repeated replication (Watt and Hogan 2000; Fuchs et al. 2004) . Pulse-chase with labeled nucleotides such as 5-bromo-2′-deoxyuridine (BrdU) or [ 3 H] thymidine and more recently histone H2B-GFP resulted in label retention (label retaining cells or LRCs) in a fraction of presumed tissue stem cells (Bickenbach 1981; Bickenbach and Grinnell 2004; Jensen et al. 2004; Sancho et al. 2004; Webb et al. 2004; Wilson et al. 2008; Foudi et al. 2009 ). In blood, the most quiescent stem cells have been clearly demonstrated to be the long-term most potent hematopoietic stem cells, as shown by H2B-GFP retention experiments followed by transplantations Foudi et al. 2009 ). In the hair follicle, the direct link between LRCs and stem cells has not been clearly established, but the most quiescent subset of cells from the bulge, the region of the hair where stem cells reside, have been deemed a potent "reserve" population that does not contribute to normal everyday tissue homeostasis (Hsu et al. 2011) . Lineage tracing tracking the fate of these hair follicle LRCs is awaited to confirm this hypothesis. However, the LRCs are just the tip of the iceberg in this system, as all cells in the tissue zone containing the hair follicle stem cells divide infrequently overall and are thought to be stem cells Zhang et al. 2009; Hsu et al. 2011) . In the intestine, the Bmi1-positive stem cells are the most infrequently dividing cells at the base of the crypt, and they rapidly regenerate intestinal crypts even when a more dispensable, proliferative Lgr5-positive, stem cell population is absent (Tian et al. 2011; Buczacki et al. 2013) .
Despite their unparalleled nature in potency and longevity within tissues, and despite intense studies to unravel their inherent molecular secrets, there is no cellular mechanism so far that only tissue stem cells possess. For this reason, the phenomenon of label retention has fascinated scientists for several decades, because it bears the promise for characterizing a unique cellular ability of stem cells. The label can be retained in theory by three possible mechanisms: (1) infrequent divisions, (2) no divisions, or (3) retaining the oldest, so-called "immortal DNA strand" by non-random chromosome segregation. The last model would imply that at mitosis, chromosomes are sorted according to the age of their DNA strands, such that the oldest strands are always segregated to the stem cell, while the newest strand would go to the progenitor cell daughter. As early as 1966, uneven distribution of [ 3 H] thymidine labeled sister chromatids was seen in cultured mouse embryonic fibroblast (Lark et al. 1966) . The immortal strand hypothesis was first proposed by Cairns in 1975 and remained alive, but also controversial, until today (Cairns 1975 (Cairns , 2002 Potten et al. 2002; Cairns 2006; Lansdorp 2007; Rando 2007) .
In the bacteria Escherichia coli, the theory of asymmetric chromosome segregation was first suggested many years ago (Lark et al. 1966 ) and was supported by additional studies (Helmstetter and Leonard 1987; Ogden et al. 1988 ). Recently, it was shown that sister chromosomes are destined to particular locations in the cells with respect to the cell poles versus cell body (Nielsen et al. 2006; Wang et al. 2006; White et al. 2008) .
In the fly Drosophila melanogaster, the male germ stem cells (GSC) divide asymmetrically with respect to the hub cells, which play a niche role in this system (Kiger et al. 2001; Yamashita et al. 2003; Yamashita et al. 2005; Fuller and Spradling 2007; Losick et al. 2011) . When GSCs divide, they produce one selfrenewed GSC that remains in contact with the hub and another daughter cell, the gonialblast, which would further differentiate (Yamashita et al. 2007 ). BrdU pulse-labeling showed that the chromosomes segregate randomly with respect to the age of the template DNA strand in GSC from Drosophila testis (Yadlapalli et al. 2011) . In contrast, histones seem to show an asymmetric mode of segregation with the older histone remaining preferentially in the GSC (Tran et al. 2012) In the yeast Saccharomyces cerevisiae, mitotic chromosome segregation error rate is as low as 10 −5 per generation (Brown et al. 1991) . Moreover, in S. cerevisiae, induced deletion of an entire chromosome leads to reduplication of the chromosome. This suggests that there exist mechanisms in the cell that control the euploidy of the chromosomes (Waghmare and Bruschi 2005 ). An early report suggested non-random segregation of mitotic chromosomes (Williamson and Fennell 1981 ) , but later on this conclusion was challenged by further genetic tests (Neff and Burke 1991) . Most recently, it was claimed that in fact all yeast chromosomes segregate randomly at mitosis (Keyes et al. 2008) . The flatworm Macrostomum lignano possesses pluripotent stem cells, referred to as neoblasts, which remain mitotically active during adulthood (Ladurner et al. 2000; Mouton et al. 2009 ). Neoblasts represents 6.5 % of the 25,000 total cells in this worm (Bode et al. 2006) and have been recently shown to contain long-lived LRCs (Verdoodt et al. 2012) . However, these LRCs seem to arise by quiescence and not by non-random chromosome segregation (Verdoodt et al. 2012) .
In the mouse Mus musculus, several tissue stem cell systems have been examined. Intestinal stem cells were first proposed to segregate their chromosome asymmetrically (Potten et al. 1978) , but this theory was challenged by more recent data (Escobar et al. 2011) . Neural stem cell cultures showed that a subset of cells retain preferentially the BrdU signal, suggesting that there is asymmetric or non-random segregation of chromosome with respect to the template DNA strands (Karpowicz et al. 2005) . This was also true of the mammary gland and muscle stem cells in vivo (Smith 2005; Shinin et al. 2006; Tajbakhsh et al. 2009 ) and of a few other cell culture systems (Merok et al. 2002; Armakolas and Klar 2006) , including whisker follicle cells in culture (Huh et al. 2011) . In contrast, the basal epidermis (Kuroki and Murakami 1989) , blood (Kiel et al. 2007) , and hair follicle (Sotiropoulou et al. 2008; Waghmare et al. 2008) , in addition to the intestine (Li and Clevers 2010) , showed random chromosome segregation in their stem cells in vivo during normal tissue homeostasis.
If retaining the older DNA strands is essential for preserving the stem cell genome, why do some stem cells evade this rule? The chromosome sorting model makes a first assumption that proved not to be true for all tissue stem cells: that each adult tissue stem cell division is asymmetric and generates two daughter cells always destined to a different fate (a stem cell and a transit-amplifying or short-lived progenitor cell). Co-incidentally, the same mouse tissue stem cells that do not seem to sort their chromosomes at division according to the age of their DNA template have also been shown by various means to divide symmetrically (Clayton et al. 2007; Zhang et al. 2009; Li and Clevers 2010) .
In this review, we will focus on mouse hair follicle stem cell behavior in normal adult skin homeostasis with respect to the immortal strand hypothesis. These highly quiescent stem cells in vivo seem to self-renew symmetrically and randomly segregate their chromosomes at each division.
A majority of hair follicle stem cells do not sort their chromosomes at division in vivo
Skin is a self-regenerating tissue, which contains its own pool of specialized tissue stem cells. Mammalian skin consists of two tissue layers: epidermis and dermis. Epidermis is largely composed of keratinocytes, which make up the inter-follicular epidermis, the hair follicle, and the sebaceous gland, whereas dermis is composed largely of fibroblast. Stem cells in the epidermis not only ensure the maintenance of tissue homeostasis but also contribute to repair during injury. In mice, epidermis arises from a single layer of ectoderm, which begins to stratify at embryonic day E15.5 and also to invaginate downward to form the epidermal appendages. Signaling between the ectoderm and underlining mesoderm triggers the formation of a hair placode, which then matures and grows out of the skin after birth (Hardy 1992) . Hair follicle morphogenesis is followed by the first adult hair cycle that comprises three stages namely: telogen (resting phase), anagen (growing phase), and catagen (regressing phase). The hair contains a temporary differentiated region called "bulb," composed of matrix cells that terminally differentiate into the inner hair follicle layers that includes the hair shaft. Hair follicle stem cells reside in the permanent bulge region, as first suggested by pulse-chase label retention studies using the 3 [H]-thymidine and/or BrdU (Cotsarelis et al. 1990; Taylor et al. 2000; Oshima et al. 2001; Braun et al. 2003) . The bulge stem cells give rise to hair follicle as shown by various methods including cell transplantation and lineage tracing in vivo (Taylor et al. 2000; Oshima et al. 2001; Morris et al. 2004; Jaks et al. 2008; Zhang et al. 2009; Scheitz et al. 2012 ). Originally, it was thought that hair follicles also make interfollicular epidermis and sebaceous gland, a structure situated on the top of the bulge known to produce the oil released in the hair canal (Bickenbach 1981; Lavker and Sun 1982; Taylor et al. 2000; Oshima et al. 2001; Braun et al. 2003; Blanpain et al. 2004 ). Subsequently, it was shown that these compartments have their own independent stem cells (Ito et al. 2005; Levy et al. 2005; Horsley et al. 2006) . The multipotency of the hair follicle stem cells was demonstrated by performing various in vitro and in vivo single cell assays (Ghazizadeh and Taichman 2001; Blanpain et al. 2004; Claudinot et al. 2005; Zhang et al. 2009 ).
LRCs obtained in hair follicles by injected [
3 H]-thymidine or BrdU for 3 days at postnatal days 3-5 followed by 7-8-weeks chase were deemed capable of forming colonies in culture (Morris and Potten 1994) . This was suggested by identification of traces of label at the center of primary colonies obtained from cells freshly isolated from skin tissue and plated on fibroblast feeder cells. Also, bulge LRCs were capable of dividing in vivo upon stimulation with TPA or during wounding (Taylor et al. 2000; Braun et al. 2003) . A pulse-chase method using double transgenic mice with repressible H2B-GFP via the tetracycline off system (Tumbar and Belmont 2001) endogenously marked the LRCs and did not require active proliferation of the cells during the pulse stage. In addition, these cells could be isolated live from the tissue. Despite early success in obtaining colonies from H2B-GFP LRCs in culture ), these cells could not be propagated long-term or transplanted due to a toxic effect of the tet-VP16 component of the tetracycline system in combination with high H2B-GFP levels in cells extracted from skin tissue.
The H2B-GFP system allowed us to further develop a strategy to count in vivo the hair follicle stem cell division over time and provided the first quantitative proliferation history of tissue stem cells in an unperturbed tissue . Moreover, we used it to test the hypothesis of non-random chromosome segregation in hair follicle stem cells by double pulse-chase with BrdU and H2B-GFP (Fig. 1a) . The results showed that the majority of the hair follicle bulge stem cells divide infrequently (one to five times) during the first hair cycle, with an average of~3 divisions. Given an estimated ten hair cycles in a mouse lifetime, this suggests a mere of 30-50 total divisions for bulge cells throughout life in the absence of injury, an infrequent rate of division indeed for bulge cells overall. Given a low estimated rate of mutations of 10 −6 per gene per replication, these few divisions are not likely to cause significant errors in the DNA. Further attesting to the mode of chromosome segregation, the H2B-GFP and BrdU levels after chase paralleled each other (Fig. 2) . Significantly, as the H2B-GFP signal was diluted by twofold at each division, the corresponding BrdU levels in those cells were equally halved . Bulge cells that divided more than three times, as shown by H2B-GFP levels, lost detectable BrdU label. Finally, we carefully analyzed the bulge cells with low H2B-GFP levels due to multiple divisions, for the presence of rare bright BrdU-retaining cells due to preferential segregation of the older labeled DNA strands. We quantified the BrdU intensity and found that only 13 out of 2,199 (0.5 %) H2B-GFP dim bulge cells displayed small one to two BrdU-labeled foci. None of these cells showed bright BrdU signal indicative of preferential retention. These data were consistent with a model of random chromosome segregation with respect to the older DNA strands in hair follicle stem cells ).
Subsequently, the Blanpain group also found that the majority of hair follicle stem cells show random chromosome segregation (Sotiropoulou et al. 2008) . In this study, double-labeling pulse-chase experiments were performed by using two uridine analogues, namely 5-chloro-2-deoxy-uridine (CldU) and 5-iodo-2-deoxyuridine (IdU). The administration of CldU was done in early postnatal life to label the bulge stem cells during hair development, when the bulge cells proliferate and can be completely labeled. Furthermore, mice were injected with IdU from PD23-PD25, the beginning of first adult hair cycle when stem cells proliferate once again. The random strand segregation model predicts that each chromosome has a 50 % chance of being double-labeled after the first cell division, due to the semiconservative nature of DNA replication (Fig. 1b) . Because mice have 40 chromosomes, the actual probability for a cell to be single labeled is (1/2) 40 , which is negligible if the random segregation model applies. These double-positive cells would be progressively lost thereafter according to the number of divisions accomplished, which were counted using the pulse-chase H2B-GFP mouse system. The data were overwhelmingly in favor of the random segregation model, and ruled out the immortal strand hypothesis for a majority of the hair follicle stem cells in vivo (Sotiropoulou et al. 2008 ).
None of these two studies (Sotiropoulou et al. 2008; Waghmare et al. 2008 ) could rule out the presence within the bulge population of some very rare cells that segregate their chromosome asymmetrically with respect to the older strand, which may explain the long-term persistence of some LRCs within the skin (Morris and Potten 1999) .
However, at a frequency lower than 1 in 2,000 for such hypothetical cells ) and given an estimated 200 cells/2nd telogen bulge (Zhang et al. 2009; Zhang et al. 2010 ), these cells would not exist in every hair follicle, casting doubts over their potential role in tissue homeostasis. Another limitation is that, given 0.5 % of bulge cells with more than five divisions showed rare BrdU-labeled foci , there is a possibility that one to two chromosomes in a couple of cells/bulge may present a biased mode of DNA strand segregation. This chromosome-specific bias was suggested for embryonic stem cell differentiation into endodermal cells (Armakolas and Klar 2006) . The biological significance of such putative rare cells is not apparent given our current understanding of the hair follicle stem cell dynamics in the tissue.
In contrast to the results obtained in vivo, clonally expanded whisker hair follicle stem cells in vitro showed non-random chromosome segregation in a significant fraction of the cell pairs analyzed (Huh et al. 2011 ). Moreover, Lgr5, which is expressed by hair follicle stem cells (Jaks et al. 2008) , showed nuclear expression preferentially in the daughter cell that also retained cyclin A and non-randomly co-segregated chromosomes (Huh et al. 2011) . At the first glance, this result may suggest that hair follicle stem cells behave differently in vivo and in vitro. Huh et al. suggest that in vivo assays may lack the required sensitivity necessary to detect rare asymmetric divisions, although an explanation for how the quantitative methods used by Sotiropoulou et al. (2008) and Waghmare et al. 2008) were misinterpreted is not apparent. If double nucleotide labeling on transgenes of H2B-GFP induces toxicity as suggested (Huh et al. 2011) , thereby perturbing the system, it appears that the non-random chromosome segregation was not required for normal hair cycle and long-term survival of stem cells in these mice. In addition, Huh et al. suggest that the predominant symmetric renewal in vivo, which was in fact proposed in earlier work (Zhang et al. 2009 ), may explain the discrepancy in results obtained in the different conditions. The assumption that hair follicle stem cells self-renew asymmetrically Fig. 1 Scheme of random and non-random segregation of chromosomes in BrdU and H2B-GFP double-labeled cells (a) and in CldU and IdU double-labeled cells (b) in culture (Huh et al. 2011) , and therefore could not be expanded symmetrically, contradicts earlier data in which single whisker bulge cells have been propagated in culture to numbers that could reconstitute many hair follicle over two rounds of transplantation and over 1 year of hair growth (Claudinot et al. 2005 ). In addition, most keratinocytes in culture are likely non-stem cells but rather rapidly dividing transit- amplifying cells generated by rare stem cells, as suggested by detailed early clonal analysis (Barrandon and Green 1988) . Moreover, Lgr5, although expressed in some (but not all) HFSCs, is also expressed by more committed progenitor cells as well (Hsu et al. 2011) . In fact, in the study by Huh et al., Lgr5 seems to segregate in the cell that also acquires cyclin A, which may be the rapidly dividing transit-amplifying daughter cell rather than the stem cell, while the non-cyclin A, non-Lgr5 daughter cell has withdrawn from the cell cycle and is terminally differentiated. Zhang et al. suggested that divisions in the bulge (stem cell compartment) are parallel (symmetric) with respect to the basement membrane, while in the matrix transit-amplifying cells they are perpendicular (asymmetric) to the basement membrane (Zhang et al. 2010) . Similar with the scenario suggested in hair follicle, in a tour-de-force study, Williams et al. showed that asymmetric division in the epidermis is likely associated with differentiation of transit-amplifying cells, rather than with the selfrenewal of stem cells (Williams et al. 2011) . If the non-random segregation of chromosome goes along with other aspects of asymmetric cell division, it would in fact be interesting to examine the patterns of chromosome segregation in the hair matrix rather than in the hair bulge. The matrix, as the transitamplifying hair follicle cell population, may more closely resemble the scenario encountered in cell culture. However, if truly the transit-amplifying cells would undergo non-random chromosome segregation, the purpose of retaining a more intact copy of the genome in such a short-lived cell is not immediately obvious, unless we consider aspects beyond genome preservation. Recently, preferential retention of the older histone in the germ line stem cell daughter, along with presumably all its epigenetic modification, may be a potential (but speculative) mechanism of cell fate preservation (Tran et al. 2012) . Given DNA methylation, like histone modification, is also implicated in regulating cell differentiation and cellular identity, non-random chromosome segregation would in that case have potential implications beyond genome preservation of stem cells, such as epigenetic fate retention in an asymmetrically dividing transit-amplifying cell. Aside from these speculations, it remains in fact unclear why there is discrepancy with respect to the immortal strand hypothesis in cell culture and in vivo in the hair follicle system.
Conclusions and future perspectives
In conclusion, characterization of stem cell dynamics in the bulge compartment of the hair follicle in vivo in the intact tissue showed random chromosome segregation with respect to the older DNA strands in normal homeostasis. In addition, these stem cells seem to selfrenew symmetrically in vivo, generating at each division two identical stem cells that remain in the niche (bulge) until further mobilization by tissue migratory signals that stimulate them to leave the niche and promote their differentiation. Recent studies testing the immortal strand hypothesis in hair follicle in vivo involved different quantitative complementary methods from two research groups, which independently reached similar conclusions, strengthening the validity of the data. In addition, the analysis was done in unperturbed skin, in the absence of injury and drug stimulation, which could affect the normal behavior of tissue stem cells. These data contrasted with results obtain in cultured cells in vitro, which might reflect differences in stem cell behavior in different growth condition, hidden experimental and technical difficulties that may influence the data interpretation, or a speculative possibility that cell culture data may in fact be more reflective of transit-amplifying cell behavior, which has not been tested in vivo.
However, based on the data in hand, it seems clear that in vivo the hair follicle stem cells, and other tissue stem cells as well, behave more ordinary in their native environment than initially imagined by some of us. The lack of immortal strands left us bare-handed in identifying unique cellular characteristics in these tissue stem cells. Some genes are preferentially expressed in hair follicle stem cells, and of these, some specific transcription factors such as Tbx1 and Runx1, to name a few, drive the hair follicle stem cell selfrenewal and proliferation (Osorio et al. 2008; Hoi et al. 2010; Osorio et al. 2011; Chen et al. 2012; Lee et al. 2013) , and Dlx3 drives their differentiation (Hwang et al. 2008) . Undoubtedly, more transcription factors will surface that will likely interface with chromatinmodifying enzymes, microRNAs, and long noncoding RNAs to control the tissue stem cell behavior. Regulatory networks as described in embryonic stem cells, with nodes of interaction controlled by master regulators, most likely will be drawn for hair follicle and other tissue stem cells. As genomic approaches become more accessible for small sample sizes afforded by tissue stem cells, comparison with the cancer cells is likely to reveal significant overlap, since at least some cancer stem cells appear to originate in tissue stem cells (Sell 2004) .
The interaction of hair follicle stem cells with some of the surrounding compartments in the skin is a new and exciting area of investigation (Goldstein and Horsley 2012; Chang et al. 2013 ). Perhaps not surprisingly, these compartments communicate via various signals and function in concert to maintain skin homeostasis. While much is left to know about these interactions, the field is becoming sufficiently mature to begin to tackle in more detail the molecular connection with specific disease. This will be facilitated by our ability to model human disease in the dish using induced pluripotent stem cells (Bellin et al. 2012) . Generating hair follicle in organotypic culture remains a big challenge of the field. Stem cells did not reveal all of their secrets, however, and a large fraction of genes specifically expressed by stem cells remain uncharacterized. What will be the next "immortal" hypothesis that will keep the tissue stem cell field going for 40 years is hard to imagine in this era of rapid progress and quick concept turnover. The field is becoming less mysterious, perhaps losing some of its original aura, but the pace of the progress is exhilarating, making it a privilege as a researcher to add a small part to stem cell biology.
